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What are the control strategies? |
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Bulk Power System Control Architecture & Objectives

Hierarchy by spatial /temporal scales and physics

Tertiary Control Dispatch
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Hierarchy by spatial /temporal scales and physics
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Bulk Power System Control Architecture & Objectives

Hierarchy by spatial /temporal scales and physics
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Bulk Power System Control Architecture & Objectives
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3. Tertiary control (offline)

o Goal: optimize operation
o Strategy: centralized & forecast

2. Secondary control (minutes)

o Goal: restore frequency
o Strategy: centralized

1. Primary control (real-time)

o Goal: stabilize freq. and volt.
o Strategy: decentralized

Q: Is this hierarchical
architecture still appropriate
for new applications?
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Two Major Trends

Trend 1: Physical Volatility

O bulk distributed generation, regulation (33

@ growing demand & old infrastructure

=

by 2020 in CA, GEA in ON)

lowered inertia &
robustness margins

|
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Two Major Trends
Trend 1: Physical Volatility

O bulk distributed generation, regulation (33
by 2020 in CA, GEA in ON)

@ growing demand & old infrastructure

=

lowered inertia &
robustness margins

Trend 2: Technological Advances

@ sensors, actuators & grid-edge resources

@ control of cyber-physical systems

> »
B I
= cyber-coordination layer for smart gridJ \J'/ ‘
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QOutline

Introduction & Project Samples

Primary Control
Tertiary Control
Secondary Control
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Project Samples: Voltage Control/Collapse

Quadratic Droop Control (TAC)

Voltage Collapse (Nat. Comms.)

Optimal Distrib. Volt/Var (cbc)
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Distributed Control in Microgrids
Primary Control
Tertiary Control
Secondary Control
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Microgrids

Structure

e low-voltage, small footprint
e grid-connected or islanded
e autonomously managed

Applications
e hospitals, military, campuses, large ]

vehicles, & isolated communities | .

o @
Benefits )
e naturally distributed for renewables )
.. ® ‘ m \

e scalable, efficient & redundant ) @’
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Microgrids

Structure

e low-voltage, small footprint
e grid-connected or islanded
e autonomously managed

Applications
e hospitals, military, campuses, large
vehicles, & isolated communities |

Benefits
e naturally distributed for renewables
e scalable, efficient & redundant

Operational challenges
e low inertia & uncertainty

e plug'n’play & no central authority )
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Modeling I: AC circuits
© Loads (e) and Inverters (m)
@ Quasi-Synchronous: w ~ w* = V; = E;e/

© Load Model: Constant powers P¥, Qf

© Coupling Laws: Kirchoff and Ohm: Yj; = G;; + jB;;
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© Loads (e) and Inverters (m)
@ Quasi-Synchronous: w ~ w* = V; = E;e/

© Load Model: Constant powers P¥, Qf

© Coupling Laws: Kirchoff and Ohm: Yj; = G;; + jB;;

o active power:  P; = 3 BiEiE;sin(0; — 0;) + GjE;Ej cos(0; — 0;)
e reactive power: Qi = —> . BjE;E;cos(0; — 0;) + GjEiEjsin(0; — 6;)
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Modeling I: AC circuits
© Loads (e) and Inverters (m)
@ Quasi-Synchronous: w ~ w* = V; = E;e/

© Load Model: Constant powers P¥, Qf

© Coupling Laws: Kirchoff and Ohm: Yj; = G;; + jB;;
@ Line Characteristics: Gjj/Bjj = const.
O Decoupling: P; =~ P;(0) & Q; =~ Q;(E)

e trigonometric active power flow: P;(0) = >, Bjsin(6; —6;)

* quadratic reactive power flow:  Q;(E) = —>_; BjEE;
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Modeling Il: Inverter-interfaced sources

also applies to frequency-responsive loads

Power inverters are . ..

DC. PWM
o interface between AC grid

LCL
CALA AL B
and DC or variable AC sources

Assumptions:

e Fast, stable inner/outer loops
(voltage/current /impedance)
e Good harmonic filtering

e Balanced 3-phase operation
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Modeling Il: Inverter-interfaced sources

Power inverters are . .. bC PWM LCL
o interface between AC grid 1z A5 A .
and DC or variable AC sources . -+
c,._fb’m I e
| EIBLE 114
@ operated as controllable ideal E% fi /
voltage sources OO 1N
wj = ulfreq7 ; Ei _ ul\_zolt J
r - e Fast, stable inner/outer loops
1 P Fei0+et) (voltage/current /impedance)
J — e Good harmonic filtering
IT{I - = e Balanced 3-phase operation
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Open-Loop System & Control Objectives

Frequency Open-Loop Voltage Open-Loop
Inverter Dynamics (i € Z): Inverter Dynamics (i € Z):
Wi — 6 freq i E — uvolt

ZBUsm(e 0;) Qi :—ZJB,-J-E,-EJ-

Power Balance (i € £): Power Balance: (i € £)

o:Pi‘—ZjB,-jsin(e;—ej)J OZQHZJ-BUEI'EJ J

Primary Control Objectives:
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Open-Loop System & Control Objectives

Frequency Open-Loop Voltage Open-Loop
Inverter Dynamics (i € Z): Inverter Dynamics (i € 7):
wi = 0; = u* miE = uy°lt
P;i(0) = ’ Bjjsin(6; — 6)) Qi(E)=— ; B EiE;
Power Balance (i € £): Power Balance: (i € £)
0=P; — J,B,-J-sin(e;—ej)J 0=Q/ + By |

Primary Control Objectives:
@ Stabilization: Ensure stable frequency/voltage dynamics
@ Balance: Balance supply/demand for variable loads
© Load Sharing: Power injections proportional to unit capacities
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Primary Droop Control

“Grid-forming” decentralized control

Key Idea: emulate generator speed & AVR control J
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Primary Droop Control

“Grid-forming” decentralized control

Key Idea: emulate generator speed & AVR control J

Frequency Droop Control Voltage Droop Control
wi =w* —m;Pi(0) | 7iE; = —(E; — E*) — mQi(E) |
AW AL
* Prl}?za T PI 7111.
w OOI]tI.Oj 5* ary, C"Ilt oy
1
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Primary Droop Control

“Grid-forming” decentralized control

Key Idea: emulate generator speed & AVR control

Frequency Droop Control

Quad. Voltage Droop Control

Wi = w* — m,-P,-(H)
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Spring Network Interpretations of Equilibria

Frequency Droop Control

0= P;k = Zj B,:,'Sin(e,' = QJ)J
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Spring Network Interpretations of Equilibria

Frequency Droop Control Voltage Droop Control

OZP?—ZJ-BUsin(@—@J-)J 0= Q'+, BjEE J
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Spring Network Interpretations of Equilibria

Frequency Droop Control

Voltage Droop Control

0= P;k = Zj B,:,'Sin(e,' = aj)J

0= @ + 5,555 |

Voltage
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Droop Control Stability Conditions

Frequency Droop Control

0=P — Z,- Bjsin(6; — 0))
é,‘ = —mj Zj B,‘j sin(9,- — 0_,)
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Droop Control Stability Conditions

Frequency Droop Control

0= P,-* — i B,'j Sin(ai — 9])
J

é,‘ = —mj i B,‘j sin(9,- — 9_,)
J

Theorem: Frequency Stability

3! loc. exp. stable angle
equilibrium 60qq iff

(ATP);

for all edges (i,/) of microgrid.

o’

Necessary and Sufficient
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Droop Control Stability Conditions

Frequency Droop Control Voltage Droop Control
0=P — _Bjjsin(6; — 6;) 0=Q" + BjEE;
J J
é,‘ = —m; _B,-jsin(e,-—ﬁj) T,'E,' = —E,-(E,-—E*)—&—n,- BjE/E;
J J

Theorem: Frequency Stability

3! loc. exp. stable angle
equilibrium 60qq iff

(ATP);

for all edges (i,/) of microgrid.

o’

Necessary and Sufficient
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Droop Control Stability Conditions

Frequency Droop Control Voltage Droop Control
0=P — _Bjjsin(6; — 6;) 0=Q" + BjEE;
J J
é,‘ = —m; _B,-jsin(e,-—ﬁj) T,'E' = —E;(E;—E*)+n; BjE/E;
J J

Theorem: Frequency Stability Theorem: Voltage Stability
3! loc. exp. stable angle 3! loc. exp. stable voltage
equilibrium O iff equilibrium point E.q if

ATP); 1

% <1 (E‘l)z(B[_L QL)i <1
for all edges (i,/) of microgrid. for all load nodes /i of microgrid. |
Necessary and Sufficient Tight and Sufficient
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Open Primary Control Problems

@ Coupled equilibrium and stability analysis
@ New controllers for G;;/Bj; # constant
© Basins of attraction

© Limits of decentralized control
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Economic dispatch

minimize the total cost of generation
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inverter injection constraints: P;i(0) € [O,ﬁ;]

Variations: general strictly convex & differentiable cost.
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Economic dispatch

minimize the total cost of generation

minimize gen f(0) = % verters ai[Pi(0)]?
subject to
load power balance: 0= P — Pi(0)
branch flow constraints: 16; — 0;] < vij <m/2
inverter injection constraints: P;i(0) € [O,ﬁ;]

Variations: general strictly convex & differentiable cost.
Conventional: Offline, Centralized, Model & Load Forecast

Plug-and-play Microgrid: On-line, decentralized, no model, no forecasts

Result: Droop = decentralized primal algorithm for this problem. J
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Secondary frequency control in power networks

Problem: steady-state frequency deviation (wss = w*)

Solution: integral control on frequency error
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Secondary frequency control in power networks

Problem: steady-state frequency deviation (wss = w*)

Solution: integral control on frequency error

Interconnected Systems

)

Isolated Systems J

e Centralized automatic
generation control (AGC)
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Secondary frequency control in power networks

Problem: steady-state frequency deviation (wss = w*)

Solution: integral control on frequency error

Interconnected Systems | Isolated Systems )
e Centralized automatic e Decentralized PI control
. *ion control (AGC) (isochronous mode)
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Secondary frequency control in power networks

Problem: steady-state frequency deviation (wss = w*)

Solution: integral control on frequency error

Interconnected Systems

Isolated Systems )

e Centralized automatic
. *ion control (AGC)

e Decentralized Pl control
(is aus mode)
[0/
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Secondary frequency control in power networks

Problem: steady-state frequency deviation (wss = w*)

Solution: integral control on frequency error

Interconnected Systems

)

Isolated Systems

Inverter Injections (p.u.)

o

o
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e}
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BN
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0.06 [—— ~ 006
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2
0.05 5 005
[ >
=
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(a) Decentralized control

(b) Centralized control
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Secondary frequency control in power networks

Problem: steady-state frequency deviation (wss = w*)

Solution: integral control on frequency error

Interconnected Systems

Isolated Systems J

e Centralized automatic
. *ion control (AGC)

e Decentralized Pl control
(is aus mode)
[0/

What about distributed secondary control strategies?
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Distributed Averaging PI (DAPI) Frequency Control

Wi = w* — m;P;(G) — Q,’
kiQ; = (wi — w™)
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Distributed Averaging PI (DAPI) Frequency Control

wj = w* — m,-P,-(9) — Q,’
k,'Q,‘ = (w,- — OJ*)— ajj - (Q, — QJ)

Jj Cinverters

w
A & I‘I)nar
e
[~ Qiiigmﬁw
N
S e
. \\\:\_\‘
w Ve T
ST Secondary
N
Control
- ﬁ
> P
PP
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Distributed Averaging PI (DAPI) Frequency Control

w
wi=w" — m,-P,-(0) — Q; A P’fln,ru:yo
. Nes. %011&01
—(w: — wH)— P o Q- TSR
ki = (wi — w®) ajj - (i — ) « NI
j Cinverters w > RN Secondary
™ Control
wSS ﬁ

@ no tuning, no model dependence P P > P

@ weak comm. requirements

© maintains load sharing

Simple & IntuitiveJ
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Distributed Averaging PI (DAPI) Frequency Control

w
wi=w" — m,P,(H) —Q; A P’fln,u:yo
. eese. S\ " r0r
—(w: — wH)— P o . Q: TSR
ki = (wi — w®) ajj - (i — ) « NI
J Cinverters il D S A Secondary
™ Control
Wss ﬁ

@ no tuning, no model dependence P P > P

@ weak comm. requirements .
Theorem: Stability of DAPI
© maintains load sharing [JWSP, FD, & FB, '13]

DAPI-Controlled System Stable

Simple & IntuitiveJ Droop-Controlled System Stable

v,
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J Cinverters il D S A Secondary
™ Control
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@ no tuning, no model dependence P P > P

@ weak comm. requirements .
Theorem: Stability of DAPI
© maintains load sharing [JWSP, FD, & FB, '13]

DAPI-Controlled System Stable

Simple & IntuitiveJ Droop-Controlled System Stable

v,
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Distributed Averaging Pl (DAPI) Voltage Control [ri 15

Problem: steady-state voltage deviations (E; = E)
Goals: Voltage regulation E; — E, “load” sharing Q,-/Q’.* = Qj/QJi“
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Distributed Averaging Pl (DAPI) Voltage Control [ri 15

Problem: steady-state voltage deviations (E; = E)

Goals: Voltage regulation E; — E, “load” sharing Qi/Qf = Q;/Q}

Bad News: These goals are fundamentally conflicting.
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Distributed Averaging Pl (DAPI) Voltage Control [ri 15

Problem: steady-state voltage deviations (E; = E)
Goals: Voltage regulation E; — E, “load” sharing Q,-/Q’.* = QJ-/QJi“
Bad News: These goals are fundamentally conflicting.

We propose a heuristic compromise.

TiEi = —(E,' — E,-*) — n,-Q,-(E) — €

rié = Bi(Ei — E)— bjj - C(\;)j‘ = gi
[ j

Jj Cinverters
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Distributed Averaging Pl (DAPI) Voltage Control [ri 15

Problem: steady-state voltage deviations (E; = E)
Goals: Voltage regulation E; — E, “load” sharing Q,-/Q’.* = Qj/QJi“
Bad News: These goals are fundamentally conflicting.

We propose a heuristic compromise.

TiEi = —(E,' — E,-*) — n,-Q,-(E) — €

K,'é,' = ﬂ,’(E,' — E,-*)— b,j 0 S; — gi
! J

Jj Cinverters

Tuning Intuition:
© Bi > ) ; bj = voltage regulation
@ i < > ;bj = Q-Sharing

17/22



From Hierarchical Control to DAPI Control

flat hierarchy, distributed, no time-scale separations, & model-free

Tertiary Control Dispatch
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From Hierarchical Control to DAPI Control

flat hierarchy, distributed, no time-scale separations, & model-free

Tertiary Control Dispatch Sensing/Communication Layer
I -
r B
l’I‘ransceiver ‘ I Transceiver l I Transceiver |

( ) ( ) ( ) | Trazs;eiver m Trar(ls;eiver IG' Tral(ls;eiver |

Secondary Secondary Secondary DAPI DAPI DAPI
Control Control Control Control Control Control

Conee | e || e *iﬁ' @
9] Q [§] ) ) )

R g g ( Power Network
t] \“\ % [\" o

€] 8] 6] Y
Power Network ] Physical Interactions

_J
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Experimental Validation of DAPI Control

Experiments @ Aalborg University Intelligent Microgrid Laboratory
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Experiments @ Aalborg University Intelligent Microgrid Laboratory

@ t < 7: Droop Control
@ t =7: DAPI Control

© t = 22: Remove Load 2
Q t = 36: Attach Load 2
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Experimental Validation of DAPI Control
Experiments @ Aalborg University Intelligent Microgrid Laboratory

Frequency o o
Regulation Step Disturbance Rejection

\ Frequency / Active Power Injections

01 \ ’ 2

1000)
= %00
=
Z 50
5 m
g
[

500
100

19. %0 10 20 30 10 50 "ml 10 20 30 40
Time (s) Time (s)
Voltage Magnitudes B Reactive Power Injections
325 0
o
Q@ t < 7: Droop Control g g
S a0 Voltage 2
@ t =7: DAPI Control Regulation -

; L
© t =22: Remove Load 2 \ Twme@ T dmeo\|
©Q t = 36: Attach Load 2

DAPI Activated Power Sharing

19/22



Summary
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Question Time
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An incomplete literature review of a busy field

ntwk with unknown disturbances U integral control U distributed averagingJ

@ all-to-all source frequency & injection averaging [Q. Shafiee, J. Vasquez, & J. Guerrero,
'13] & [H. Liang, B. Choi, W. Zhuang, & X. Shen, '13] & [M. Andreasson, D. V.
Dimarogonas, K. H. Johansson, & H. Sandberg, '12]

@ optimality w.r.t. economic dispatch [E. Mallada & S. Low, '13] & [M. Andreasson, D.
V. Dimarogonas, K. H. Johansson, & H. Sandberg, '13] & [X. Zhang and
A. Papachristodoulou, '13] & [N. Li, L. Chen, C. Zhao & S. Low '13]

@ ratio consensus & dispatch [S.T. Cady, A. Garcia-Dominguez, & C.N. Hadjicostis, '13]
@ load balancing in Port-Hamiltonian networks [J. Wei & A. Van der Schaft, '13]

@ passivity-based network cooperation and flow optimization [M. Biirger, D. Zelazo, &
F. Allgower, '13, M. Biirger & C. de Persis '13, He Bai & S.Y. Shafi '13]

@ distributed Pl avg optimization [G. Droge, H. Kawashima, & M. Egerstedt, '13]
@ Pl avg consensus [R. Freeman, P. Yang, & K. Lynch '06] & [M. Zhu & S. Martinez '10]

@ decentralized “practical” integral control [N. Ainsworth & S. Grijalva, '13]



DAPI Voltage Control — Performance [tie '15]
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